We evaluated the effects of neurofeedback as an augmentation treatment on depressive symptoms and functional recovery in patients with treatment-resistant depression (TRD). Methods: We included 24 adult patients with TRD and 12 healthy adults. 24 TRD patients were assigned to the neurofeedback augmentation group (n = 12) and the medicationonly (treatment as usual [TAU]) group (n = 12). The neurofeedback augmentation group underwent combined therapy comprising medication and 12-24 sessions of neurofeedback training for 12 weeks. To assess the serum levels of brain-derived neurotrophic factor (BDNF) in both groups, pre-and post-treatment blood samples were obtained. Patients were evaluated using the Hamilton Depression Rating Scale (HAM-D), Beck Depression Inventory (BDI), Clinical Global Impression-Severity (CGI-S), 5-level version of European Quality of Life Questionnaire 5-Dimensional Classification (EQ-5D-5L), and Sheehan Disability Scale (SDS) at baseline, and at the 1-, 4-, and 12-week. Results: From baseline to week 12, neurofeedback training reduced mean scores on HAM-D, BDI-II, CGI-S, and SDS, and increased mean EQ-5D-5L tariff score. In the neurofeedback augmentation group, the response and remission rates were 58.3% and 50.0%, respectively, at week 12. Changes in HAM-D, EQ-5D-5L tariff score, and SDS were significantly larger in the neurofeedback group than in the medication-only (TAU) group. No significant difference in BDNF level was found pre-vs. post-treatment in any of the groups. Conclusion: Despite the small sample size, these results suggest that neurofeedback treatment may be effective as an augmentation treatment, not only for depressive symptoms, but also for functional recovery, in patients with TRD.
INTRODUCTION
Major depressive disorder (MDD) is a severely disabling disorder resulting in the deterioration of daily function and lowering quality of life. 1 The lifetime prevalence of depression is 10%-15%, 2 and the annual prevalence of MDD in the United States is approximately 7%. 3 The World Health Organization has reported that MDD is expected to be the top disease in terms of global burden by 2030. 4 Fifty percent of patients with depressive disorder have a chronic disease course, and 20% of such patients have insufficient responses to treatment despite the use of antidepressant medication. 5 In addition, although antidepressants have been shown to be effective, residual symptoms may continue by stopping the medication early due to inconvenient side effects of the medication. Sixty percent of patients with depressive disorder have poorer executive function. Patients with depressive disorder are continuously affected by deficits in social functioning, such as interpersonal relationships and job adaptation, even if some of their symptoms are improved by medication. 6 Therefore, various additional treatments other than antidepressant treatment have been attempted to improve residual depressive symptoms and the remission rate.
Brain waves have been used to measure brain activity 7,8 and previous studies have reported that different brain waves reflect different brain states, including moods. 9 -12 Neurofeedback is a type of electroencephalography (EEG) training that allows individuals to change the levels of particular types of brain waves displayed on a computer by operational conditioning. 13 - 15 EEG studies showed that the neurofeedback is capable of generating long term changes in the spectral EEG topography, 16 while neuroimaging studies represented the neuroplastic effects from neurofeedback treatment. 17 -19
Neurofeedback is a noninvasive, safe, and simple treatment method without adverse effects associated with medication use. 20 However, there is a disadvantage in that it is relatively more expensive than drug treatment. Another neuromodulation treatment, repetitive transcranial magnetic stimulation (rTMS), has indications for treatment in patients who are resistant to more than 1 mediation. Neurofeedback may be considered a new augmentation treatment for patients with treatment-resistant depression (TRD), even after the use of antidepressants. Some studies have reported improvements in both depressive symptoms and executive function following neurofeedback treatment. 15,21 A recent article insisted that neurofeedback treatment for depression as having "revealed promising effects in recent clinical trials." 22 However, most studies have been case reports or uncontrolled studies, 15 and the mechanism underlying the treatment effects of neurofeedback are still unclear. In addition, there has been no study of neurofeedback on depressive symptoms and functional recovery in patients with TRD.
Brain-derived neurotrophic factor (BDNF) acts on certain neurons of the central nervous system and the peripheral nervous system. It helps support the survival of existing neurons and encourages the growth and differentiation of new neurons and synapses. Previous studies have suggested the presence of an etiological link between the development of depression and BDNF. 23 -25 However, no studies have examined the association between neurofeedback and changes in BDNF level.
The purpose of this pilot study was to evaluate the effects of neurofeedback as an augmentation treatment on depressive symptoms and functional recovery in patients with TRD. We also aimed to identify the usefulness of BDNF as a biomarker for neurofeedback by examining changes in the BDNF level before vs. after treatment in the neurofeedback treatment and medication-only (treatment as usual, TAU) groups.
METHODS

Participants
Thirty-six subjects were recruited from our university hospital in Korea from September 2014 to April 2017. All participants enrolled in this study were aged 18 years or older. Twelve of the subjects were healthy controls without any kind of axis I diagnosis according to the Diagnostic and Statistical Manual of Mental Disorders, 4th edition, text-revised (DSM-IV-TR), neurological illness, or medical illness. The healthy control subjects were not under any maintenance medications. The other 24 subjects were diagnosed with MDD according to the DSM-IV-TR criteria for MDD, and had especially treatment-resistant MDD. We defined TRD as the failure to achieve remission with remaining persistent depressive symptoms (Hamilton Rating Scale for Depression [HAM-D] score ≥ 14) despite adequate antidepressant therapy (2 or more antidepressant trials involving effective doses and sufficient duration to produce a robust therapeutic effect [e.g., 12 weeks]). 26 -28 Patients with psychosis, bipolar disorder, brain injury, clinically diagnosed neurological disorder, convulsive disorder, or pregnancy were excluded from participation. Participants with TRD maintained the same medication use from 1 month before the study until the end of the study. If a participant was absent from 4 or more treatment sessions, he or she was dropped from the study.
Study design
This was a small, prospective, open-labeled controlled study. Twenty-four patients with TRD were assigned to the neurofeedback augmentation group (n = 12) or the medication-only (TAU) group (n = 12), and 12 healthy adults were assigned to the healthy control group.
The neurofeedback augmentation group was asked to participate in 12 weeks of combined therapy of medication and 12-24 sessions of neurofeedback training. The neurofeedback protocol was determined considering the patient's main symptoms. 29 Patients in the neurofeedback augmentation group received sensorimotor rhythm (SMR) beta or beta training for 30 minutes, and then alpha/theta (A/T) training for 30 minutes in each session.
To reduce the impact of confounding factors, the medication-only (TAU) group visited at the same schedule as neurofeedback augmentation group and received psychotherapy placebo sessions instead of neurofeedback training sessions. 21 These sessions included psychological assessment and supportive psychotherapy. The medication-only (TAU) group maintained the same medication use as that before the study.
All patients were evaluated using the HAM-D, Beck Depression Inventory-II (BDI-II), Clinical Global Impression-Severity (CGI-S), 5-level version of European Quality of Life Questionnaire 5-Dimensional Classification (EQ-5D-5L), and Sheehan Disability Scale (SDS) at baseline, and at the 1-, 4-, and 12-week time points. In addition, pre-and post-treatment blood samples were obtained between 11 am and 12 am for evaluation of the serum level of BDNF in both patient groups. The healthy controls provided blood samples using the same procedure at baseline only. These samples were used to determine the serum BDNF level.
Neurofeedback procedure
Neurofeedback training was performed using a Neurocybernetics EEG Biofeedback system (Neurocybernetics Inc., Encino, CA, USA). The neurofeedback protocol was determined by the neurofeedback team, which included 3 psychiatrists, in consideration of the patient's main symptoms, as in a prior study by Cheon et al. 29 One individual was assigned to beta training at T3 and then A/T training, 5 individuals were assigned to beta training at F3 and then A/T training, and the other 6 individuals in the neurofeedback augmentation group were assigned to SMR training at T4 and then A/T training. The assigned neurofeedback protocol was performed once or twice per week for both beta or SMR beta and A/T for 12 weeks. In each session, the participants received SMR training at T4 or beta training at F3 or T3 for 30 minutes, and then A/T training at Pz for 30 minutes.
During the SMR or beta training, the participants played a computer game. The brain electrical activity of the participants was displayed on a monitor in the form of an audio-visual exercise. Achievement scores and graphs were provided as reward feedback. The reward bands for SMR and beta were 12-15 Hz and 15-18 Hz, respectively. During the A/T neurofeedback training, the participants were provided with only auditory feedback while sitting in a comfortable chair with eyes closed. They were trained to reduce the alpha amplitude and increase the theta amplitude so that the theta amplitude was dominant over the alpha amplitude. 30 The reward bands for theta and alpha were 4-8 Hz and 8-13 Hz, respectively.
BDNF measurement
After sufficient stabilization for about 30 minutes, the participants provided venous blood, which was collected in an anticoagulant tube between 11:00 a.m. and noon. The specimens were left at room temperature for 1 hour and stored at 4°C or lower for 1 hour before serum separation. The serum was stored at −70°C until specimen analysis. Serum BDNF levels were measured using an enzyme-linked immunosorbent assay (ELISA). We used the Human BDNF Immunoassay ELISA kit (Quantikine Human BDNF, R&D Systems, Minneapolis, MN, USA) and a microplate reader (Molecular Devices, Sunnyvale, CA, USA).
Baseline and follow-up assessments
The HAM-D is an observer rating scale and one of the most widely used measures of depressive disorder. 31,32 This scale is composed of 17 items, and it has been used to assess the therapeutic effect as well as the severity of depression. The total possible score is 52, where higher scores indicate more severe depression. Hamilton considered a total score of 8-13 mild range, 14-18 moderate, 18-22 severe, and 23 or higher very severe.
The BDI is a self-report scale designed to evaluate the presence and severity of depressive symptoms. 33 It consists of 21 items including cognitive, emotional, motivative, and physical symptoms of depression. Each question is scored from 0 to 3 points, and the total score ranges from 0 to 63, indicating the higher the total scores, the more severe the depression. It considers a total score of 0-9 minimal range, 10-15 mild, 16-23 moderate, and 24-63 severe. 34,35
The CGI-S is a single-item scale composed of 7 levels ranging from maximum score of 7 to normal state of 1. 36 This scale is a measure by which the evaluator comprehensively assesses the severity of mental illness regardless of diagnosis. It is relatively easy and quick to assess the illness so has been used in many clinical studies. 37
The EQ-5D-5L was developed by the EuroQol Group, and is used to assess 5 dimensions: mobility, self care, usual activity, pain/discomfort, and anxiety/depression. Each dimension consists of 5 levels: no problems, slight problems, moderate problems, severe problems, and extreme problems; so a total of 3,125 health states can be evaluated. 38, 39 The valuation of EQ-5D-5L (converted tariff score) is an index score calculated by applying weight to each of the 5 EQ-5D-5L questionnaires to provide a comprehensive summary of health-related quality of life. The resulting set of tariff is widely used to calculate preferences for EQ-5D-5L health states. As EQ-5D-5L is translated according to the culture and situation of each country, EQ-5D-5L tariffs may differ at each country. The index score is valued from −0.066 to 1, and the higher scores indicate the higher quality of life for the patients. 40 -43 In this study, EQ-5D-5L tariffs (index values) were calculated according to the 'The EQ-5D-5L valuation study in Korea.' 43
The SDS is a self-report scale designed by Sheehan to assess the severity of functional impairment. 44 This scale consists of 3 items, and each item is divided into 11 levels from 0 to 10 points. It is considered 0 point: none, 1-3 points: mild, 4-6 points: moderate, and 7-10 points: severe. Total score ranges from 0 to 30 and means that the higher the total scores, the more severe the functional impairment. 45
The primary endpoint was determined a priori to be a change in the HAM-D score. Secondary endpoints included change from baseline to study endpoint on the HAM-D, response and remission rates, and BDI-II, CGI-S, SDS, and EQ-5D-5L tariff scores. The results were compared among the groups. The HAM-D, BDI-II, and CGI-S were used to evaluate depression. Remission was defined as achieving a HAM-D score below 7, and response was defined as a 50% or greater reduction in HAM-D score from baseline. 46 The SDS and EQ-5D-5L were used to measure daily function and quality of life.
The HAM-D, BDI-II, CGI-S, EQ-5D-5L, and SDS were evaluated in all study participants at baseline and at the 1-, 4-, and 12-week time points. We also measured changes in the serum BDNF level before vs. after treatment in the TRD groups.
Statistical analysis
The demographic and clinical data of the participants were analyzed using frequency, descriptive statistics and Mann-Whitney test. The efficacy parameters of the HAM-D, CGI-S, BDI-II, EQ-5D-5L tariff score, and SDS were compared using independent-sample t-tests, and changes in the HAM-D, CGI-S, BDI-II, EQ-5D-5L tariff score, and SDS scores were assessed using paired t-tests adjusted for multiple comparisons using the Bonferroni method. Mean changes in the HAM-D, BDI-II, EQ-5D-5L tariff, and SDS scores, as well as those in the BDNF values, were compared using non-parametric tests not adjusted for multiple comparisons. Response and remission rates were compared using the frequency test (χ 2 test or Fisher exact test). All statistical analyses were performed using IBM SPSS version 23.0 (IBM Co., Armonk, NY, USA). Statistical significance was considered at P < 0.05.
Ethics statement
All participants were fully informed regarding the study and provided written informed consent. There was no monetary or any other kind of reward for participation in all participants. This study was reviewed and approved by the Hospital Institutional Review Board (approval No. YUMC 2014-01-389). In addition, this study was registered at Clinical Research Information Service (CRIS) (approval No. KCT0004183) and ClinicalTrials.gov (approval No. NCT04078438).
RESULTS
Demographics and baseline clinical characteristics
Thirty-six participants entered this study between September 2014 and April 2017. Twelve individuals each were assigned to the neurofeedback augmentation group, the medicationonly (TAU) group, and the normal control group. Twenty-four patients with TRD selected their group. No participant was dropped from the study. The 24 participants in the neurofeedback augmentation group and the medication-only (TAU) group completed the trial. The 12 healthy controls provided blood samples at baseline only and they were found to have no mental illness in face-to-face interviews with a psychiatrist and had apparently wellmaintained daily functioning. Table 1 shows the characteristics of the participants. There were no significant differences in any of the demographic characteristics between the neurofeedback augmentation group and the medication-only (TAU) group. The baseline mean HAM-D, CGI-S, EQ-5D-5L tariff, and SDS scores were not significantly different between the 2 groups, although there was a difference in the mean BDI-II score (P < 0.05). The mean BDI-II score was significantly higher in the neurofeedback augmentation group than in the medication-only (TAU) group at baseline ( Fig. 1) .
Treatment effects
Symptomatic and functional changes
The responses of the depressed patients over time is shown in Fig. 1 . The mean HAM-D scores gradually decreased after neurofeedback treatment and the changes of HAM-D score from baseline between the 2 group showed significant differences beginning at week 1 (P < 0.05) (Tables 2 and 3) . Seven of the 12 (58.3%) neurofeedback-treated individuals and 1 of the 12 (8.3%) medicationonly (TAU)-treated individuals were rated as having a "response" at study endpoint (week 12) based on the total HAM-D score. There was a significant difference in the response rate between the 2 groups beginning at week 4 (P < 0.05) (Fig. 2) .
There were gradual improvements from baseline in the CGI-S score and the BDI-II score, only in the neurofeedback augmentation group. There were significant differences in the changes in the BDI-II score (beginning at week 1) and in the CGI-S score (beginning at week 4) between the 2 groups (Tables 2, 3 and Fig. 1 ).
There was a significant separation of the neurofeedback augmentation group and the medication-only (TAU) group in terms of the EQ-5D-5L tariff score beginning at week 4 and the SDS score at week 12 (P < 0.05) (Fig. 1) . These changes indicate improvements in quality of life and daily function. There were significant differences in the changes in the EQ-5D-5L tariff and SDS scores between the neurofeedback augmentation group and the medicationonly (TAU) group beginning at week 1 (P < 0.05) (Tables 2 and 3) . 
BDNF
There were no significant differences in the baseline serum BDNF level among the three groups (the neurofeedback augmentation group, medication-only group, and healthy controls). In the neurofeedback augmentation group, the average serum BDNF level was decreased from 27,083.61 pg/mL (standard error [SE], 2,363.12) at baseline to 23,311.92 pg/mL (SE, 2,620.16) at week 12. In the medication-only group, the average serum BDNF level was increased from 23,681.72 pg/mL (SE, 2,701.51) at baseline to 27,593.64 pg/mL (SE, 3,702.28) at week 12. No significant difference was found between the pre-and posttreatment serum BDNF levels in the different groups ( Table 4 ).
Safety
There were no serious adverse events. In the medication-only (TAU) group, 6 patients reported discomfort due to dry mouth (4 patients), headache (2), dizziness (2), fatigue (2), constipation (1), and nausea (1) . In neurofeedback augmentation group, 2 patients reported discomfort due to tinnitus and urinary incontinence. There was no significant difference in the occurrence of side effects between the 2 groups. 
DISCUSSION
This study is the first prospective controlled study to investigate the therapeutic effects of and functional recovery due to neurofeedback in patients with TRD. It is also the first study to investigate the relationship between serum BDNF as a biomarker and therapeutic response following neurofeedback.
We found subjective and objective depressive symptom relief and functional improvement after 12 weeks of neurofeedback training in patients with TRD. The HAM-D and CGI-S scores were significantly decreased in the neurofeedback augmentation group when compared to those in the medication-only (TAU) group. This indicates that objective depressive symptoms and depression severity were further improved using neurofeedback when compared to medication-only (TAU). The response and remission rates for medications used for the treatment of depressive disorder are 50%-70% and 30%, respectively. The 12-and 24-month response rates of TRD have been reported to be 11.6% and 18.4%, respectively, and the 12-and 24-month remission rates of TRD have been reported to be 3.6% and 7.8%, respectively. 47 However, in this study, the response and remission rates were 58.3% and 50.0%, respectively, in the neurofeedback augmentation group. These rates were significantly higher than those in the medication-only (TAU) group. These results support the finding that neurofeedback was effective in improving depressive symptoms in a preliminary study conducted by Cheon et al. 29
As indicators of quality of life and functional recovery, the SDS and EQ-5D-5L tariff scores were significantly lower in the neurofeedback augmentation group than in the medicationonly (TAU) group. Our findings may indicate that neurofeedback is effective not only for symptom improvement, but also for functional recovery. Neurofeedback has been shown to improve executive function in depressed patients 21 and has been shown to improve performance (peak performance) in healthy individuals. 48 It is also an active training program in which the individual can restore the regulation of the brain network, spontaneously, and it might be helpful for patients to improve their self efficacy. 49 Mitigating depressive symptoms itself may have facilitated recovery of function. Further research is needed to determine the mechanism by which neurofeedback helped to restore function in depressed patients.
There was no significant difference between the 2 groups in the occurrence of adverse events. All reported adverse events in the neurofeedback augmentation group were identified as unrelated to neurofeedback and were presumed to be related to the medication used or the patient's medical condition. There were no dropouts among the 12 patients in the neurofeedback augmentation group or the 12 in the medication-only (TAU) group. Neurofeedback combined with medication thus seems to be beneficial in terms of adverse effects and compliance, as well as its therapeutic effects.
This study was based on the neurofeedback protocol of Cheon et al. 29,50 The patients were evaluated during weekly neurofeedback team meetings with 3 psychiatrists and a neurofeedback therapist. The neurofeedback protocol was determined by psychiatrists certified in neurofeedback during the neurofeedback team meeting for each patient. In the current study, the neurofeedback protocol was not uniform, but individualized. The patient's most serious symptoms were considered for preferential treatment, and the protocol was discussed and adjusted during weekly neurofeedback meetings. For depressed patients, correcting any abnormal pattern of asymmetric activity in the frontal regions and recovering Several studies have reported that left frontal beta training had a more direct effect in brain areas related to depressive disorder, and that beta or SMR training combined with A/T training was effective in alleviating depressive symptoms. 61,62 The preliminary study conducted by Cheon et al., 29 reported that beta training in the F3 (T3) region or SMR training in the T4 region and A/T training resulted in a reduction in depressive symptoms. Those results are consistent with the results of the current study. The treatment methods belonging to the third category is alpha/theta protocol which is indirectly related to the treatment of depression. The efficacy of alpha theta neurofeedback may lie in its ability to allow participants to deal with anxiety and anxiety-eliciting situations, 63 It has also been suggested that neurofeedback targeting lower frequencies such as alpha/theta may directly affect core neurocognitive networks, and thereby produce widespread symptom improvements, 14 Neuroanatomical circuitry involves the ascending mescencephalic-cortical arousal system, and limbic circuits subserving cognitive as well as affective/motivational functions, and including coupling between frontal and posterior cortices, exemplifying a role for theta and alpha waves in mediating the interaction between distal and widely distributed connections. 64
We hypothesized that the clinical improvement due to neurofeedback was related to brain differentiation, and expected that the serum BDNF level would be normalized after neurofeedback treatment. However, there was no significant difference in BDNF level pre-vs. post-treatment in either group. The BDNF results should be considered in light of the fact that they were obtained in 3 small samples of 12 patients. The therapeutic effects of neurofeedback were confirmed even though we used 3 different protocols for training. However, we were unable to obtain serum BDNF results consistent with the above finding due to differences in brain activity regulation in the different brain regions. Because brain BDNF is mainly produced in the hippocampus, serum BDNF might be inappropriate as a biomarker of depression if the depressive symptoms were improved by frontal activation through neurofeedback. In other words, it is possible that the improvements in depressive symptoms due to neurofeedback were not directly related to brain plasticity. We should thus consider whether BDNF is appropriate as a biomarker of depression. Bus et al. 65 have also reported that changes in the levels of serum, plasma, or whole blood BDNF may not reflect changes in the levels of BDNF in the brain. In animals, the level of BDNF in the brain has been reported to be positively associated with that of BDNF in the blood, 66 However, in humans, such an association is as yet unclear. Whether BDNF in peripheral blood samples (plasma, serum, etc.) reflects the pathophysiology of psychological illness remains controversial. BDNF signaling is significantly reduced in the hippocampus and prefrontal cortex in depressed persons. However, it is increased in the nucleus accumbens and amygdala in such individuals, 67 Therefore, peripheral BDNF levels may not reflect the levels of BDNF in all regions of the brain.
This study has several limitations. First, it had a small sample size. Inclusion of more participants would allow the discovery of more clinically important findings. Second, confounding factors influencing the BDNF level, such as use of various medications, stress, and durations of the depressive episode, depression, and treatment were not adequately controlled for. Additional studies on the relation between neurofeedback and BDNF as a biomarker in patients with TRD are warranted.
Third, performing the study completely double-blind was difficult because 2 different treatment modalities were used. We did not design sham neurofeedback training as an ethical issue. By allowing the patient to choose the treatment method, we may have affected the study results. Additional studies with a sham randomized controlled double-blind design are recommended to overcome this limitation.
Despite these limitations, our results suggest that neurofeedback might be a beneficial augmentation treatment to make nonresponding patients with depression feel well again and successfully engage with life. In the future, additional studies in large populations will be required to replicate these results. In addition, long-term follow-up studies of patients with improvements and remission after neurofeedback treatment will be needed to evaluate persistence, safety, and relapse in patients administered neurofeedback treatment.
